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ABSTRACT. Three children from unrelated families presented in early childhood with hypoglycemia and cardiorespiratory arrests associated with fasting. Significant hepatomegaly, cardiomegaly, and hypotonia were present at the time of initial presentation. Ketones were not present in the urine at the time of hypoglycemia in any patient; however, dicarboxylic aciduria was documented in one patient at the time of the acute episode and in two patients during fasting studies. Total plasma carnitine concentration was low with an increased esterified carnitine fraction. These findings suggested a defect in mitochondria1 fatty acid oxidation, and specific assays were performed for the acyl coenzyme A (CoA) dehydrogenases. These analyses showed that the activity of the long-chain acyl CoA dehydrogenase was less than 10% of control values in fibroblasts, leukocytes, and liver tissue. Activities of the medium-chain, short-chain, and isovaleryl CoA dehydrogenases were not different from control values. With cultured fibroblasts, COz evolution from long-chain fatty acids was significantly reduced, while COz evolution from mediumchain and short-chain fatty acids was comparable to control values-findings consistent with a defect early in the /3- presence of hypoglycemia, and dicarboxylic aciduria. In some cases a specific enzymatic defect has been identified, while in other cases the site of defect remains to be elucidated. Herein, we report three children with clinical and laboratory findings consistent with a defect in fatty acid oxidation, and identify the site of defect as the long-chain acyl CoA dehydrogenase, the first intramitochondrial step in the oxidation of the long-chain fatty acids.
CASE REPORTS
Patient R-1 was the 36 wk, appropriate-for-gestational-age product of a gravida 2, para 0, abortus 1, 39-yr-old mother. He was born by caesarian section. The parents are third cousins. At 36 h of age the child had a cardiorespiratory arrest and was successfully resuscitated. No cause was found for this arrest, and the child was discharged home at 10 days of age. He gained weight poorly and was noted to have frequent episodes of emesis. At 6 wk of age, grade I11 gastroesophageal reflux was documented and the child was placed on an appropriate achalasia regimen. At 10 wk of age the child developed a viral-like illness with diarrhea, decreased appetite, and lethargy and was placed on a clear liquid diet. Over the next 36 h, he became increasingly obtunded and was hospitalized. Examination revealed a hypotonic, unresponsive infant with the liver palpable 5 cm below the right costal margin. The serum glucose was 25 mg/dl and no ketones were present in the urine. The urine was not examined for dicarboxylic acids. Other laboratory results included a serum bicarbonate of 18 mEq/liter, blood ammonia of 180 pmol/liter (normal < 40 pmol/liter), and normal liver function tests. With intravenous fluids and glucose, the child showed slight initial improvement, but 12 h after hospitalization he had a cardiorespiratory arrest requiring resuscitation and ventilation. A chest x-ray showed cardiac enlargement and a subsequent echocardiogram showed marked hypertrophic cardiomyopathy. A liver biopsy showed a large quantity of macrovesicular fat. Glycogen storage diseases types I, 111, and VI were ruled out by normal enzyme activities in a liver biopsy specimen (Dr. Barbara Brown, St. Louis, MO). Serum carnitine was found to be 10 pmol liter (normal 40-60 pmol/liter) and was 100% esterified (normal 10-20%). Liver carnitine was 110 nmol/g wet weight (normal 730-1800 nmollg). The patient was begun on oral carnitine (1 00 mg/ kg/day) and a high carbohydrate, low fat diet. Gradual improvement was seen on this regimen. By the age of 12 months, cardiac hypertrophy resolved. The child is microcephalic and hypotonic with normal reflexes. A CT scan obtained to evaluate the microcephaly showed mild bilateral cerebral atrophy. Developmental testing done at 36 months of age showed his gross motor developmental quotient to be about 50 and his social and verbal developmental quotient to be between 60 and 70.
Patient A-1 was the term product of a gravida 2, para 1, 18-yr-old mother. The parents are not related. The child was well until 4 months of age when she developed postprandial vomiting unassociated with fever or diarrhea. After 48 h she was admitted to a local hospital with lethargy and hypotonia. This rapidly progressed to hypotension and respiratory arrest. Physical examination revealed an appropriate-sized child who was responsive only to painful stimuli. The liver was palpable 7 cm below the right costal margin. Laboratory evaluation showed a serum glucose of 20 mg/dl, an absence of ketones in serum and urine, an arterial pH of 7.30, serum bicarbonate of 18 mEq/liter, and a serum ammonia of 70 pmol/liter. Liver function tests were mildly abnormal with SGOT 87 IU/liter, SGPT 64 IU/liter, and alkaline phosphatase 55 IU/liter. Prothrombin time and partial thromboplastin time were normal. Cardiac enlargement was noted on a chest x-ray and a subsequent echocardiogram demonstrated significant cardiac hypertrophy and a decreased left ventricular ejection fraction. Treatment with 20% dextrose resulted in rapid clinical improvement within 24 h. Subsequent metabolic investigations revealed a serum carnitine of 28 pmol/ liter of which 48% was esterified. During a fasting study the serum glucose fell from 100 to 45 mg/dl over 12 h, and the urine showed peaks of suberic and sebacic acid by gas liquid chromatography; a P-hydroxybutyrate peak was not present. The organic acid peaks disappeared on a normal feeding regimen. Because these findings suggested a defect in fatty acid metabolism, she was discharged on frequent high carbohydrate feedings. She remained asymptomatic for the next 2 months with gradual resolution of the cardiomegaly. Mild hypotonia with normal reflexes persisted. Intellectual function tested at 6 months of age was normal. At 6% months of age, she had another episode of vomiting and lethargy associated with a viral illness and was admitted to a local hospital where she was treated with oral clear liquids. She died during her first night of hospitalization. No performed.
Patient J-1 was the 3 lb 7 oz product of a 32-wk gestation complicated by maternal toxemia and placenta previa. She was delivered by an emergency caesarian section with Apgars of 1 and 3. The parents are not related. The child required ventilation for several hours. At 4 days of age she developed necrotizing enterocolitis and was treated with 10 days of antibiotics and hyperalimentation. She was noted to be microcephalic and a subsequent CT scan showed marked changes in the brain consistent with perinatal asphyxia. She gained weight slowly and had frequent feeding problems. She was discharged home at 5 wk of age but she did not thrive and continued to have recurrent emesis. At 5 months of age she developed persistent vomiting without diarrhea or fever. She became obtunded and on amval at the hospital she had a grand ma1 seizure. The blood glucose was 25 mg/dl and she was treated with intravenous glucose and phenobarbital. Hepatomegaly was present and the SGPT was elevated to 250 IU/liter. She improved gradually and was placed on a high caloric formula (Similac 24) supplemented with medium-chain triglycerides. On this regimen she appeared to grow better although development continued to be slow. At 10 months of age, she again developed persistent vomiting accompanied by diarrhea and was rehospitalized. The blood glucose was found to be 51 mg/dl and intravenous glucose was begun. Additional laboratory data obtained at that time included a serum bicarbonate of 13 mEq/liter, a blood ammonia of 45 pmollliter, and the absence of ketones in the urine. During a fasting study, performed 4 days later, her blood glucose fell to 40 mg/dl at 6 h. In the urine no ketones were present; however, suberic and sebacic acids were increased 3-fold. Suberylglycine and hexanoylglycine were not present in the urine. The serum carnitine was 14 pmol/ liter, which was 96% esterified. Liver biopsy showed macrovesicular fatty infiltration of the liver and moderate periportal fibrosis. An echocardiogram revealed biventricular hypertrophy. The child was begun on oral carnitine (50 mg/kg/day) and a high carbohydrate diet. Gradual improvement in linear growth and weight was seen on this regimen. By the age of 15 months, cardiac hypertrophy resolved. Modest hepatomegaly was still present. Hypotonia was also present but reflexes were normal and symmetrical. Developmental evaluation performed at 15 months of age revealed the child to be functioning at the level of a 2-3 month old.
MATERIALS AND METHODS
Skin biopsies for fibroblast culture were obtained from patients A-1, R-1, and their parents. Control fibroblast cultures were obtained from the Human Genetic Cell Mutant Respository, Institute for Medical Research, Camden, NJ (GM 10, GM 38, GM 41) and from the Cell Center, Human Genetics Center, University of Pennsylvania. Cells between the 4th and 15th passages were used for the studies described. Fibroblast cultures were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum. Monolayers were harvested by trypsinization and washed with RPMI 1640 medium. Pelleted cells were either used immediately for fatty acid oxidation studies or frozen at -20" C for subsequent assay of acyl CoA dehydrogenase activities.
Mononuclear leukocytes from patients R-1, J-1, and their parents were isolated from 8 to 30 ml of chelated blood as previously described by Coates et al. (9) . Contaminating erythrocytes were removed by hypotonic lysis. Cells were pelleted and frozen at -20" C for subsequent assay of acyl CoA dehydrogenase activities.
Necropsy liver obtained within 4 h of death was available on patient A-1. Control liver specimens were obtained on three patients by open biopsy: one for definitive diagnosis of glycogen storage disease, one for unexplained hepatomegaly, and one for a suspected defect in fatty acid metabolism. Specimens were stored at -70" C until assayed for acyl CoA dehydrogenase activities. Frozen tissues (liver, leukocytes, fibroblasts) showed no loss of acyl CoA dehydrogenase activities for at least 3 months.
Acyl CoA substrates were purchased from P. L. Biochemicals. Glucose oxidase, type V from Aspergillus niger, and bovine liver catalase were obtained from Sigma Chemical Co. Pig liver ETF was prepared by the procedure of Husain and Steenkamp (10). The A270nm:&36nm of the preparation was 6.1. The concentration of ETF was determined spectrophotometrically at 436 nm, E = 13.4 mM-' (1 1). All other chemicals were obtained from commercial sources and were the best grade available.
Acyl CoA dehydrogenase activities. The activities of the longchain, medium-chain, and short-chain acyl CoA dehydrogenases and isovaleryl CoA dehydrogenase were determined using a fluorometric assay based on the loss of fluorescence of ETF as it is reduced (12) . With this assay it is not necessary to isolate and purify the enzyme(s) of interest; hence it is possible to assay for each enzyme in 2.0-200 pg of tissue. Due to the specificity of the acyl CoA dehydrogenase-acyl CoA-ETF interaction, there is no interference of other dehydrogenases with this assay.
Tissue was thawed in 1.0 ml of 25 mM KP04 buffer, pH 7.4, containing 0.2 mM EDTA and disrupted by sonication (3 X 10 s, 30W) at 4" C. This was then centrifuged at 40,000 x g for 30 min and the supernatant was assayed for acyl CoA dehydrogenase activity fluorometrically, exciting ETF flavin at 342 nm and measuring emission at 496 nm. The final assay mixture contained, in a total volume of 1. , 0.3 mCi/mmol) . The final concentration of palmitate and octanoate was 2.5 mM; butyrate was 10 mM. The fatty acid:bovine serum albumin molar ratio was 4:l. Assays were run in triplicate and reactions were terminated by adding 1.0 ml 1 N H2S04. Hyamine hydroxide (0.3 ml) was added to the center well and I4CO2 was trapped by incubating the flasks for 1 h at room temperature. Radioactivity was measured by liquid scintillation counting in 80% Econofluor (New England Nuclear): 20% absolute ethanol (vo1:vol). Results were corrected to total C02 production and expressed as nmol C02 produced per lo6 cell per hour.
Statistical analysis of data. Results were expressed as mean + SD and differences between means were evaluated by Student's t test.
RESULTS
The similarities between these patients and those with the medium-chain acyl CoA dehydrogenase deficiency (non-ketotic hypoglycemia with fasting, carnitine deficiency and dicarboxylic aciduria) led to an evaluation of the activities of the acyl CoA dehydrogenases involved in fatty acid oxidation. Table 1 shows the activities of the long-chain, medium-chain and short-chain acyl CoA dehydrogenases and the isovaleryl CoA dehydrogenase in cultured skin fibroblasts from R-1, A-1 and their parents. Long-chain acyl CoA dehydrogenase activity was less than 10% of the control value in both patients. The activity of the longchain acyl CoA dehydrogenase in fibroblasts from their parents was 63% of the values in controls. Fibroblasts from both patients and their parents had normal activities of the medium-chain and short-chain acyl CoA dehydrogenases and of the isovaleryl CoA dehydrogenase. Table 2 shows the activities of the acyl CoA dehydrogenases in mononuclear leukocytes from R-1, J-1, and their parents. The levels of enzyme activities were similar to those found in cultured fibroblasts. The patients had less than 10% of control values for long-chain acyl CoA dehydrogenase activity. The parents were again found to have long-chain acyl CoA dehydrogenase activity intermediate between their child and controls. The activities of the other acyl CoA dehydrogenases in R-1, J-1, and their parents were similar to controls.
The activities of the acyl CoA dehydrogenases were also determined using liver tissue obtained within 4 h of death from A-1. Long-chain acyl CoA dehydrogenase activity was 9.14 nmoll minlmg in the liver specimen from A-1, which was 10% of the value obtained from control livers (91 f 13 nmol/min/mg protein). In control liver, the level of long-chain acyl CoA dehydrogenase activity was 30-fold greater than in control fibroblasts and leukocytes. Activities of the medium-and short-chain acyl CoA dehydrogenases in liver tissue from A-1 were similar to control values. Due to concern about a possible selective loss of long-chain acyl CoA dehydrogenase activity in the necropsy liver, the effect of delay between the time of death and the time of collection of liver tissue was evaluated using guinea pig liver (Hale DE, unpublished experiments). The animals were anesthetized, the abdomen was opened, and a liver biopsy was obtained. The animal was then killed and the liver was allowed to remain in situ. At hourly intervals, for 6 h, additional liver biopsies were obtained and frozen. These studies showed a gradual timedependent loss of all of the acyl CoA dehydrogenase activities (3-5%/h), but this effect was clearly not selective for the longchain acyl CoA dehydrogenase.
The functional effect of the deficiency of long-chain acyl CoA dehydrogenase on fatty acid oxidation was examined in cultured skin fibroblasts from patient R-1. Figure 1 shows a representative time course of palmitate oxidation by fibroblasts from patient R-1 and a control subject with [14C(U)]-palmitate as a marker. Rates of oxidation were linear between 2 and 5 h in the control fibroblasts. The rate of oxidation of palmitate by fibroblasts from R-1 was less than 20% of the control. Table 3 compares the rate of C 0 2 production by fibroblasts from R-1 and controls using palmitate labeled at different positions and [l-14C]-labeled shortand medium-chain length fatty acids. The apparent rate of palmitate oxidation was significantly less than control values and was dependent on the position of the label, being 20% of control with [14C(U)]-palmitate, 5 1 % of control with [1-I4C]-palmitate, and 12% of control with [ l 6-I4C]-palmitate. This difference may reflect some nonmitochondrial oxidation of the carboxyl-terminal end of long-chain fatty acids. The rates of octanoate and butyrate oxidation were within the control range in fibroblasts from R-1 and confirmed that &oxidation was intact beyond the point of entry of medium-chain fatty acids into this pathway.
Finally, the activities of the acyl CoA dehydrogenases were determined in fibroblasts from one (HC) of two siblings described by Naylor et al. (6) . Clinically this child resembled our three patients, with repeated episodes of unexplained lethargy and coma associated with fasting, hypoglycemia, and dicarboxylic aciduria, but without ketonemia. Cardiac hypertrophy was not noted in this patient although it was noted in her younger sibling who had similar clinical findings. Long-chain acyl CoA dehydrogenase activity was 0.19 nmol ETF reduced per minute per milligram protein (10% of control), while the medium-chain and short-chain acyl CoA dehydrogenase activities were comparable to control values.
DISCUSSION
These studies describe a disorder of mitochondrial fatty acid p-oxidation caused by an inherited deficiency of long-chain acyl CoA dehydrogenase activity. The clinical features of three affected patients included episodes of illness provoked by fasting stress with coma, hepatomegaly, cardiomyopathy, and muscle weakness. Metabolic features included nonketotic hypoglycemia and decreased levels of carnitine in both plasma and tissues. Under the stress of fasting, increased urinary excretion of dicarboxylic acids was documented in two of the three patients described in the case reports; dicarboxylic aciduria was also a feature in the two sisters described by Naylor et al. (6) . Deficient TIME, hours t Values are the mean of three to five experiments.
activity of long-chain acyl CoA dehydrogenase was demonstrated in leukocytes and cultured fibroblasts, as well as in liver tissue from these patients. Parents of affected patients were found to have intermediate levels of long-chain acyl CoA dehydrogenase activity, consistent with an autosomal recessive mode of inheritance. Long-chain acyl CoA dehydrogenase is one of five flavincontaining mitochondrial enzymes which dehydrogenate straight and branched-chain fatty acids as the first step in the P-oxidation cycle (15) (16) (17) (18) . The three enzymes that act on straight-chain fatty acids are relatively specific for different carbon chain lengths. In rat liver, the long-chain acyl CoA dehydrogenase is active over the range Clg to Clz; the medium-chain enzyme from C12 to C6; and the short-chain enzyme from C6 to C4. Since both adipose tissue and dietary triglycerides contain predominantly Cl6 and Cle fatty acids, long-chain acyl CoA dehydrogenase deficiency effectively prevents utilization of fatty acids for either energy production or hepatic ketone synthesis. As illustrated by the case reports, the most severe manifestations of the enzyme deficiency occur during fasting when fatty acids ordinarily become the major oxidative fuel.
Many of the features of long-chain acyl CoA dehydrogenase deficiency are also seen in patients with the closely related disorder, medium-chain acyl CoA dehydrogenase deficiency (8, 19) . Common features include episodes of nonketotic coma that are provoked by fasting, secondary carnitine deficiency, and dicarboxylic aciduria. It should be emphasized that most of the patients with the long-chain enzyme defect have had a much more severe illness than those with the medium-chain defect. The three cases described herein had episodes of illness beginning early in the first year and all showed signs of cardiomyopathy and chronic skeletal muscle weakness. On the other hand, the clinical description of the two sisters reported by Naylor et al. (6) , indicates that their disorder was not as severe, but resembled that typically found in patients with the medium-chain enzyme defect.
The mechanism of the secondary carnitine deficiency associated with both the long-and medium-chain acyl CoA dehydrogenase deficiencies is uncertain. A similar secondary carnitine deficiency has also been observed in several other metabolic errors which block the intramitochondrial metabolism of CoA esters: isovaleric acidemia, propionic acidemia, and methylmalonic aciduria (20) (21) (22) . It is possible that carnitine is depleted in these disorders by increased urinary excretion of carnitine esters of the nonmetabolizable fatty acids. Propionyl-carnitine has been identified in urine from patients with propionic acidemia and methylmalonic aciduria. Roe et al. at Duke University have found isovaleryl-carnitine in urine from patients with isovaleric acidemia (23), octanoyl-carnitine in medium-chain acyl CoA dehydrogenase deficiency (24), and palmityl-carnitine in one of the patients with long-chain acyl CoA dehydrogenase deficiency in the present report (personal communication). On the other hand, we have found low or normal rates of carnitine excretion in several of these defects, and speculate that a lowered renal threshold for carnitine may be part of the explanation of the secondary carnitine deficiency (20) . As indicated in the case reports, we have treated two patients with long-chain acyl CoA dehydrogenase deficiency with carnitine, but are uncertain whether this was more beneficial than diet alone.
As noted above, during times of fasting stress, patients with long-chain acyl CoA dehydrogenase deficiency excrete large amounts of dicarboxylic acids in the urine. These organic acids are formed by w-oxidation of fatty acids in the cytoplasm (25) . A similar dicarboxylic aciduria is also characteristic of the medium-chain acyl CoA dehydrogenase defect (26, 27) . The presence of increased urine dicarboxylic acids and relatively low urine 0-hydroxybutyrate levels is an important clue to the diagnosis of these two enzyme defects. In the two sisters in whom we have found long-chain acyl CoA dehydrogenase deficiency, Naylor et al. (6) reported that urine concentrations of CIZ and CI4 dicarboxylic acids were increased in addition to the more common C6 to CIO acids. It is possible that the presence of these longer-chain dicarboxylic acids may help to distinguish the longchain enzyme defect from the medium-chain defect.
The severe cardiomyopathy and chronic skeletal muscle weakness noted in the three patients with long-chain acyl CoA dehydrogenase deficiency (case reports) have not been associated with either of the two previously described defects early in the fatty acid oxidation pathway (carnitine-palmityl-transferase deficiency, medium-chain acyl CoA dehydrogenase deficiency). Patients with carnitine-palmityl-transferase deficiency have exercise-induced muscle cramps and myoglobinuria, but no chronic weakness; patients with the medium-chain acyl CoA dehydrogenase deficiency usually have no detectable weakness. The differences among these three disorders suggest that the chronic muscle weakness seen in long-chain acyl CoA dehydrogenase deficiency is not simply due to impaired energy production, but may reflect a toxic effect of long-chain acyl CoA intermediates accumulated within the mitochondria. For instance, the adenine nucleotide translocase, an important site of regulation of mitochondrial oxidative phosphorylation and energy production, is very sensitive to inhibition by long-chain acyl CoA esters (28) .
The fact that two of the four known surviving patients with long-chain acyl CoA dehydrogenase deficiency show evidence of permanent brain damage as a consequence of episodes of illness during the first months of life suggests that early recognition and treatment of this disorder is essential. The features of nonketotic hypoglycemia, dicarboxcylic aciduria, and carnitine deficiency may be useful clues to the diagnosis. As indicated herein, the specific enzyme defect can now be identified in a variety of tissues, including fresh leukocytes and cultured fibroblasts. Supportive dietary therapy aimed at avoiding fasting stress and minimizing the demand for fatty acid oxidation has been highly effective in avoiding recurrent attacks. Dietary therapy has also improved, but not completely eliminated, the cardiomyopathy and chronic muscle weakness in these patients.
